Theta activity in the hippocampus was first investigated by Green and Arduini in 1954. Since then much has been learned about the localization of the neuronal sources of theta activity in the brain. Nevertheless, the relations between theta field potentials measured at different sites in the brain, including areas outside the hippocampus, have not yet been sufficiently explained in terms of their neuronal sources.
The laminar distribution of theta field potentials in the rat hippocampus has been investigated by several authors (Winson 1974 (Winson , 1976a Bland and Whishaw 1976) . In the freely moving rat, maxima of theta amplitude were found approximately at the level of the stratum pyramidale of CA1 and in the dorsal blade of the dentate area. Between these peaks a gradual phase shift of 180 ° is found in the stratum radiatum (Winson 1974) . Urethane anesthesia does not change this distribution pattern (Bland and Whishaw 1976) but after curare injection there is only one amplitude maximum in the vicinity of the hippocampal fissure and a sudden phase reversal occurring at the level of the stratum radiatum of CA1 (Winson 1976a) . The latter distribution pattern has also been found in the freely moving rabbit (Winson 1976b) and in the rabbit after application of curare (Green et al. 1960) or under urethane anesthesia (Bland et al. 1975) . Although the laminar distributions of theta rhythm may vary under different conditions and in different species (i.e. rat and rabbit), the ways in which the field potentials in the hippocampal complex are produced by their neuronal sources are considered to be the same. Two different concepts have been proposed, both starting from the principle that theta activity arises as a result of synchronous postsynaptic potentials in one or more populations of neurons in the hippocampal formation (consisting of the hippocampus proper and the dentate area}. Winson (1974, 1976a and b) and Bland et al. (1975 Bland et al. ( , 1976 have suggested that the hippocampat and dentate theta activities are the result of two closely coupled generators, approximately 180 ° out of phase. They based this conclusion on different findings: (1) on either side of the phase reversal in the stratum radiatum the theta rhythms have different amplitude modulations and generally dissimilar wave shapes (Winson 1974) ; (2) firing of CA1 pyramidal cells and dentate granule cells is rhythmically coupled with the theta activity (Bland and Whishaw 1976 ) . On the other hand, Green et al. (1960) and Artemenko (1972) have stated that one generator in the CA1 field with a dipole-like character could produce this theta activity pattern in the rabbit. Their conclusion was based on the finding of only one amplitude maximum occurring in the distal part of the stratum radiatum near the fissure, and the concept of identical source-sink configurations of a population of CA1 pyramidal cells giving rise to this dipole-like extracellular field. Because no second reversal was noted in the layer of dentate granule cells, Green et al. (1960) concluded that there was no theta generator in this structure. The question therefore remains of whether a phase reversal of theta activity in the dentate area exists.
Theta activity in parts of the neocortex overlying the hippocampus has been considered to be solely the consequence of volume conduction from the underlying hippocampal sources (Artemenko 1972; Winson 1974; Bland et al. 1975; Gerbrandt et al. 1978) although theta activity has been recorded in parts of the rabbit neocortex not overlying the hippocampus (Efremova and Trush 1973) and in cat neocortex (Creutzfeldt and Meisch 1963) . This study--published in a preliminary form (Holsheimer and Feenstra 1977b) --presents evidence in favor of the existence of dipole-like theta sources both in CA1 and in the dorsal granular cell layer, as well as in the cingulate neocortex; in all these cases phase-reversal at the site of an amplitude minimum is found.
Material and methods
Nine female Wistar rats (210--250 g) under light urethane anesthesia (1.1--1.4 g/kg) were used. Field potentials were recorded simultaneously with a fixed and a moving electrode in the hippocampus, fascia dentata and neocortex against a reference earth electrode (the ear plugs and nose piece of the stereotactic apparatus). In these brain structures theta activity was encountered either spontaneously or following tactile stimulation, e.g. gently stroking the rat's fur.
One electrode was fixed within the dorsal hippocampus in order to monitor theta rhythm continuously. The field potential at various sites within and outside the hippocampus was recorded by means of the moving electrode and related in amplitude and phase to the signal recorded by way of the fixed electrode.
Glass-coated platinum semi-microelectrodes {20--50 pm) were used for recording. The two electrodes were attached to the stereotactic apparatus with microdrives at an angle of 17.5 ° . During the experiments, an electronically controlled heating coil was used to maintain a constant body temperature (38 °C) in order to prevent temperature changes affecting theta activity (Whishaw and Vanderwolf 1971) . Series of records were obtained while the moving electrode penetrated the brain step by step.
Taking into account the stochastic nature of the field potentials, power spectra, squared coherence and phase spectra of the two signals were calculated on a digital computer (DEC, PDP-11/40 system). Selected epochs of 8 sec were sampled at a frequency of 128 c/sec after anti-aliasing filtering at 32 c/sec. A Papoulis window was used for frequency averaging. Laminar profiles of the phase and the squared coherence along the moving electrode trajectory were constructed from the calculated spectral functions for the theta peak frequency and its second harmonic. Amplitude ratio profiles were determined from the root of the quotient of the power spectra of the moving and the fixed electrode signals at the theta peak frequency.
The trajectories of the electrodes were worked out beforehand with the aid of a brain atlas (de Groot 1959) and after the experiments they were verified histologically after staining 10 pm serial sections using the Kliiver method. We also used the occurrence of spike activity for the localization of the pyramidal and granular layers on the electrode trajectories.
Results
Spontaneous theta activity with a peak in the power spectrum between 4.0 and 5.0 amplitude beta activity with most of its power between 15 and 55 c/sec, superimposed on the theta activity.
The squared coherence at the theta peak frequency of all the paired recorded signals in the hippocampal formation, as well as in the overlying neocortex, differed significantly from zero (P < 0.025). Hence theta activities in these structures were linearly related. The squared coherence profiles had values above 0.7 at nearly all positions (Figs. 1C and 2C) .
Because of this linear relationship between theta activities in CA1, dentate gyrus and neocortex, phase relations with low variance could be found. Phase profiles showed gradual shifts of approximately 180 ° in the hippocampus and in the cingulate (medial) cortex over a distance of 0.1--0.4 mm perpendicular to the cell layers. These phase reversals were found in: (1) the proximal part of the stratum radiatum of the CA1 field; (2) the proximal part of the molecular layer of the dorsal dentate gyrus; (3) layer V or VI of the cingulate cortex (Zeman and Innes 1963) (Figs. 1A and  2A) .
Phase reversals were found in CA1 in all experiments, but in the dentate and neocortex only in some of the experiments. We still found a peak in the amplitude in the deep layers in some cingulate cortical laminar profiles, without a phase reversal. We also found smaller phase shifts at the borders between the cingulate cortex, the hippocampus proper and the dentate area ( Fig. 2A) .
The amplitude ratio profiles tended to have low values in the phase shift regions. This is obvious in Fig. 1B , which shows a maximum near the fissure and low values in the phase reversal regions in CA1 and in the granular layer. Fig. 2B shows clear minima in the phase reversal regions in CA1 and in the cingulate cortex, and maxima in the cingulate cortex, in CA1 near the pyramidal layer and--less clearly --in the molecular layer of the dorsal dentate area. The reconstructed electrode trajectories corresponding to the profiles discussed aboveare shown in Figs. 1D and 2D .
From the estimates of the spectral func- tions from electrode trajectories in CA1 a high coherence at twice the theta frequency was found. This permitted us to calculate low variance phase profiles for the theta frequency as well as for its second harmonic. Fig. 3 shows the phase profiles for both the theta frequency and its second harmonic, and clearly demonstrates that the two profiles resemble each other very closely.
Discussion

Hippocampal and dentate theta activity
The present results differ in some aspects from the results of Winson (1974) and Bland and Whishaw (1976) , although in general terms they confirm their conclusions. We also found two amplitude peaks in the laminar profiles, one near the hippocampal fissure and one near the dorsal CA1 pyramidal layer and a 180 ° phase shift in a region of 0.18--0.35 mm dorsal to the fissure in the stratum radiatum. A theta phase reversal in the dorsal molecular layer of the dentate area, however, has not previously been reported. We also ascertained a high coherence, i.e. a clear linear relationship, between the theta activities in CA1 and in the dentate area. These results can draw the two different concepts about theta generation, mentioned in the introduction, into one model of the sources of hippocampal theta activity. This will be discussed later. Moreover, we present another new finding: that a neocortical theta source exists.
Neocortical theta activity
Artemenko {1972), Winson (1974) , Bland and Whishaw (1976) and Gerbrandt et al. (1978) consider neocortical theta field potentials to be the result of volume conduction from the underlying hippocampal sources. Indeed, a linear relationship between hippocampal and neocortical theta has also been found by us. Nevertheless, we found distinct phase reversals and changes in amplitude in the cingulate cortex (Fig. 2) . We therefore conclude that, in this part of the neocortex in the urethane-anesthetized rat, the main sources of cortical theta activity are within the neocortex, since volume conduction from the hippocampus will not produce phase shifts nor an increasing amplitude with increasing distance from the source (Holsheimer and Feenstra 1977a) . Petsche and Stumpf {1960} found a 'loose phase coupling' between neocortical and hippocampal theta rhythms, and during a hypersynchronized arousal pattern they found regular theta rhythm in the hippocampus, but irregular theta activity in the neocortex of the awake rabbit. Winson (1974) sometimes found intermittent or even absence of theta activity in neocortex during regular hippocampal theta activity in the awake rat. These results also suggest that neocortical theta activity should not be considered to be solely the result of volume conduction from the hippocampus. Efremova and Trush {1973) recorded closely coupled theta activity in motor, visual and auditory cortical areas of the rabbit during a conditioned reflex. Since theta activity in the visual and auditory cortex is hard to explain as resulting from volume conduction from the hippocampus (Bland and Whishaw 1976; Gerbrandt et al. 1978) , these results also suggest theta sources in parts of the neocortex. Creutzfeldt and Meisch (1963) found spike bursts from pyramidal cells in the somatosensory cortex of the cat during some stage of hypoglycemia, which had a triggered correlation with theta activity in the surface EEG {approx. 5 c/sec). From the results of Creutzfeldt and Meisch (1963) and Efremova and Trush (1973) no conclusions can be drawn regarding relations between neocortical and hippocampal theta activity. We conclude that depending on the experimental conditions, neocortical theta activity is mainly caused by neuronal sources within parts of the neocortex.
In order to calculate the laminar profiles, we needed a theta field potential originating from only one site for comparison with the field potential from the moving electrode. Because we were interested primarily in hippocampal theta rhythm, the fixed electrode was placed within the hippocampus, even when part of the electrode trajectory was outside this structure, i.e. in the cingulate cortex. Fig. 3 shows that the phase shift at theta peak frequency is accompanied by an equal phase jump at its second harmonic. This makes it unlikely that the observed phase jumps can be explained in terms of neuronal delay times, since these should cause frequency-dependent phase relations. This result leads us to the conclusion that the phase reversal of the theta field potential in the CA1 field, cingulate cortex and dentate gyrus is an indication of local neuronal sources in each of these structures. This dipole-like electrical field results from identical locations of inward and outward currents in synchronously activated neurons in one layer. In CA1 the population of pyramidal cells is generally considered to be the theta source, and in the dentate area it is obviously the population of granular cells (Feder and Ranck 1973: Bland and Whishaw 1976}. In the dorsal hippocampus, therefore, there are two linearly coupled sources of theta activity, one m CA1 and one in the dentate area. It seems likely that these sources are activated approximately in phase, instead of alternating with an interval of approximately 100 msec at a theta peak frequency of 5 c/sec. A delay time between the activation of the two cell layers would give rise to phase relations which were linearly dependent on the theta peak frequency, in contradiction to the experimental results. We may state, therefore, that in the hippocampus the theta rhythm is generated by two equivalent dipole layers centered at the two sites where phase reversal was encountered, i.e. the stratum radiatum of CA1 and the molecular layer of the dentate, obviously the populations of pyramidal cells and granular cells, respectively. The field potential between the two equivalent dipole layers would be determined by the relative strengths of the two generators as would the location of an amplitude maximum in this area.
Neuronal sources o]: theta activity
Concerning the phase reversal in the cingulate cortex, the theta source might be the population of large pyramidal cells having their somata in layer V. We did not find phase reversals of the theta field potential in other fields of the neocortex above the hippocampus. This is in agreement with the results published recently by Gerbrandt et al. (1978) , except for the cingulate cortex. They recorded from curarized rats, while we used urethane-anesthetized rats.
Under different experimental conditions, different types of theta field potentials (frequency, amplitude) may be found, possibly resulting from different combinations of neuronal theta sources. In some aspects the urethane-theta activity differs from the behavior-related theta activity, although the hippocampal sources seem to be identical in the rat (Bland and Whishaw 1976) and rabbit (Bland et al. 1975; Winson 1976b}. We may conclude from the high values of coherence at the theta peak frequency that the theta generating cell layers in the CA1 field, dentate area and cingulate cortex have powerful mutual neuronal connections or have a common input signal from a distant theta generator (i.e. the septum), or both.
In order to interpret the hippocampal laminar profiles with regard to the sites of synaptic activation on the soma-dendritic membranes in the respective cell layers, a theoretical analysis of the laminar profiles by computer simulation appears to be necessary (Lopes da Silva and Arnolds 1978). Preliminary results of these simulations for the dorsal hippocampal formation indicate that our interpretation of the laminar profiles by means of two equivalent dipole layers is not inconsistent with the experimental observations.
Summary
Spatial distribution of theta activity was investigated in the dorsal hippocampal formation and overlying neocortex of the urethaneanesthetized rat. Laminar phase profiles from semi-microelectrode penetrations showed approximately 180 ° phase shifts combined with small amplitude values in stratum radiatum of CA1, in stratum moleculare of the dentate gyrus and in layer V/VI of the cingulate cortex at theta peak frequency. Evidence has been presented that layers of neurons in CA1, in the dorsal granular layer and in the cingulate cortex are the sources of dipole-like theta field potentials. A strong linear relationship between the neuronal theta sources in hippocampal CA1, dentate area and cingulate cortex was found.
R~sum~
Sources neuronales, de type dipolaire, du rythme thdta dans rhippocampe dorsal, le gyrus dentatus et le cortex cingulaire du rat anesth~sid d l'urdthane La distribution spatiale de l'activit~ th~ta a ~t~ recherch~e dans l'hippocampe dorsal et le cortex susjacent chez le rat anesth~si~ ~ l'ur~-thane. Les profils laminaires, ~tablis ~ partir de p~n~trations de s~mi-micro~lectrodes, ont r~v~l~ des glissements de phase de 180 °, li~s des amplitudes faibles, dans le stratum radiatum de CA1, le stratum mol~culaire du gyrus dentatus, et les couches Vet VI du cortex cingulaire, pour la fre~quence dominante th~ta. On prouve que les assises neuronales de CA1, celles de la couche granulaire dorsate, et celles du cortex cingulaire, constituent les sources d'un champ de potentiel th~ta en dipole. Une relation lin~aire ~troite entre les sources neuronales th~ta de CA1, du gyrus dentatus et du cortex cingulaire a ~t~ ~tablie.
